The overall frequencies of KRAS and BRAF mutations were 37.9% and 4.4%, respectively. KRAS mutations were more common in patients ≥ 50 years old (39.8% vs 22% in patients < 50 years old, P < 0.05). The frequencies of BRAF mutants were higher in tumors from females (6.6% vs males 2.8%, P < 0.05), located in the right colon (9.6% vs 2.1% in the left colon, 1.8% in the rectum, P < 0.01), with mucinous differentiation (9.8% vs 2.8% without mucinous differentiation, P < 0.01), or being poorly differentiated (9.5% vs 3.4% well/moderately differentiated, P < 0.05). MMR deficiency was strongly associated with proximal location (20.5% in the right colon vs 9.2% in the left colon and 5.1% in the rectum, P < 0.001), early cancer stage (15.0% in stages Ⅰ-Ⅱ vs 7.7% in stages Ⅲ-Ⅳ, P < 0.05), and mucinous differentiation (20.2% vs 9.2% without mucin, P < 0.01). A higher frequency of MLH1/PMS2 loss was found in females (9.2% vs 4.4% in males, P < 0.05), and MSH2/MSH6 loss tended to be seen in younger (<50 years old) patients (12.0% vs 4.0% ≥ 50 years old, P < 0.05 
INTRODUCTION
Colorectal carcinoma (CRC) is one of the most co mmon malignancies in the world. Although CRC in China is not as common as that in most Western countries, its incidence has increased steadily in recent years due to living standard improvement and lifestyle change [1] . Based on current knowledge on the carcino genesis of CRCs, individualized clinical managements have been recommended for CRC patients [2, 3] .
Testing tumor tissue for predictive or prognostic gene mutations to guide personalized therapy is a rapidly emerging field in pathology.
The epidermal growth factor receptor (EGFR) is a major therapeutic target in CRCs [4] . Activating mutations of the KRAS gene is thought to stimulate the RAS/RAF/MAPK pathway independent of EGFR activation, therefore CRCs with KRAS mutations are resistant to EGFR inhibitors [5] . Although the predictive value of BRAF mutation status for response to EGFR inhibitors is still uncertain [6, 7] , its prognostic value for CRCs is widely accepted, i.e., patients with the BRAF V600E mutation tend to have a poor prognosis [810] . Moreover, the presence of the BRAF V600E mutation in a MLH1 deficient CRC indicates that it is a sporadic rather than a Lynch syndrome associated carcinoma with high level of microsatellite instability (MSIH) [11] . MSIH CRCs are either caused by germ line mutations or epigenetic silencing of DNA mismatch repair (MMR) genes [2] and have distinct clinical and pathological features. Detection of mismatch repair protein deficiency or MSI status is not only useful for screening Lynch syndrome but also can serve as a prognostic marker for favorable outcome. In addition, it is also a negative predictive marker for fluoropyrimidinebased chemotherapy in patients with stage Ⅱ disease [12, 13] . From 2010, mutation analysis for KRAS and BRAF as well as MSI/ MMR testing has been suggested to be performed for CRC patients by the National Comprehensive Cancer Network (NCCN) clinical practice guidelines [14] . Frequencies of KRAS and BRAF mutations and MSIH in CRCs have been widely studied in Western populations. Among them, KRAS mutations are the most frequent molecular changes, with a frequency ranging from 22% to 46.7% [1520] , while BRAF mutations are less frequent, with a frequency ranging from 5.0% to 21.8% [15, 2125] . Several studies have reported the frequencies of KRAS and BRAF mutations in Chinese CRC patients in the English literature. However, most of the studies performed with limited sample size and the results were controversial, with a frequency of KRAS mutations ranging from 19.7% to 43.9% and that of BRAF mutations ranging from 1.7% to 25.4% [2632] . MSI CRCs account for approximately 1520% of all CRCs in Western countries [17, 19, 20, 3335] . Limited reports from China show a frequency of MSI CRCs in Chinese patients (ranging from 9.6% to 13%) lower than that in Western populations but close to reports from Korea [3640] . Information from previous studies raises the possibility that geographic and/or racial differences may present between Chinese and Western populations. Therefore, more data are needed to further clarify the characteristics of these important molecular changes in Chinese CRC patients. In the present study, we collected the data of CRC patients treated from 2010 to 2013 in our department and hope to provide more information about CRC in Chinese patients.
MATERIALS AND METHODS

Patients and tissues
We searched the pathology database of the Depart ment of Pathology of Peking University Third Hospital from 2010 to 2013 for primary or metastatic colorectal adenocarcinomas. Five hundred and thirty-five patients with 538 tumors tested for KRAS and BRAF mutations or MMR protein expression were collected. The pathology records and clinical charts were reviewed to obtain the following in formation: patient gender, age, anatomic site of tumor, morphological characteristics (histologic type, tumor grade, depth of tumor penetration, lymph node involvement, lymphatic or vascular invasion, perineural invasion), and history of metastasis or other tumors. Base on clinical data, primary locations of tumors were defined as the right colon (from the cecum through the transverse colon), left colon (from the splenic flexure through the rectosigmoid flexure) and rectum (15 cm above the anal verge). Tumors were staged according to the seventh edition of the American Joint Commission on Cancer (AJCC) TNM staging system. Well to moderately differentiated tumors were grouped together and tumors diagnosed as mucinous adenocarcinomas, signetring cell carcinomas and adenocarcinomas with mucinous or signetring cell differentiation were recorded as mucinproducing tumors.
Data and tissue collection was approved by the Ethics Committee of Peking University Health Science Center, following the ethical guidelines of the 1975 Declaration of Helsinki.
Immunohistochemistry for MMR proteins
Sections of one representative block of each tumor were incubated with antibodies to MLH1, MSH2, MSH6 and PMS2. Standard heatinduced epitope retrieval in EDTA solution (pH 9.0 for MLH1, PMS2, and MSH2, pH 6.0 for MSH6) and immunostaining and signal detection using the Dako EnVision Detection System and a Dako Autostainer (Dako North America Inc., California, United States) were performed. The sources, dilutions, and incubation time of each primary antibody are listed in Table 1 . Any tumor cell with nuclear staining was defined as positive for that marker. Positive staining for all these proteins was regarded as proficient MMR (pMMR). Negative staining for any of these four proteins was regarded as deficient MMR (dMMR) (Figure 1 ). Since family history and genetic information were unavailable, no attempt was made to further classify patients into with Lynch syndrome or sporadic MSIH CRCs.
Analysis of KRAS or BRAF gene mutations by Sanger sequencing
As previously described by Zhong et al [41] and Liu et al [42] , genomic DNA was extracted from formalin fixed paraffin-embedded (FFPE) tumor tissue sections with the Qiagen Blood and Tissue Kit (QiagenInc, Valencia, CA) according to the manufacturer's pro tocol. The KRAS exon 2 and BRAF exon 15 were amplified by polymerase chain reaction (PCR) using PromegaGoTaq Hot Start Colorless Master Mixes (Promega Corporation, Madison, WI, United States). The specific primers and sizes of the expected amplicons are presented in Table 2 . Genomic DNA of 50-100 ng was amplified in a 50 μL reaction system containing 25 μL of Hot Start Colorless Master Mix and 5 μL of 10 μmol/L primer mix. The PCR reaction conditions consisted of 2 min at 95 ℃, 40 cycles of 94 ℃ for 30 s, 55 ℃ for 40 s and 72 ℃ for 1 min, and 72 ℃ for 7 min. Five microliters of the PCR product was analyzed on a 1.2% agarose gel with 100 to 600 bp DNA marker. Gels were visualized on a BioRad Gel Doc 2000TM system and Quantity One software (BioRad, Hercules, CA, United States). The resulting PCR amplicons were purified and sequenced in both directions using the BigDye Terminator kit and an ABI Prism 3500 DNA Analyzer (Applied Biosystems, Foster City, CA) according to the manufacturer's instructions. Mutant cases were validated by a second inde pendent PCR and sequencing. The sequencing results were observed with ABI Sequence Scanner software and compared with the reference sequences of the BRAF and KRAS genes from NCBI database to mark the position of nucleotide change. 
RESULTS
Patient characteristics
Of these 535 patients, males were slightly more than females with a male to female ratio of 1.34:1. Patient age at presentation ranged from 21 to 95 years (median, 65 years) with 10.7% of patients < 50 years at diagnosis. Most patients (61.2%) presented with stage Ⅱ or Ⅲ disease. Almost all patients had solitary primary tumor except that three patients had synchronous tumors (two patients had two tumors confined in the left colon, one had two tumors with one in the right colon and the other in the rectum). In 6 patients, only metastatic lesions were available for testing, and 3 of them received neoadjuvant therapy. Both preoperative biopsy and radical specimens were tested for KRAS and BRAF mutations in two patients, and both primary and metastatic lesions were tested in 5 patients.
Since there was no discrepancy between biopsy and radical resection specimens or between primary and metastatic tumors, the results from two different tests were recorded as once. Clinical information of all studied patients is summarized in Table 3 . 
Analysis of KRAS and BRAF gene mutations by amplification refractory mutation system PCR
KRAS gene mutations and correlations with clinicopathological features
KRAS status was ascertained for 485 patients including 488 tumors. The overall mutation rate was 37.9% (185/488). KRAS mutations identified in codon 12 included G12D (n = 90, 18.4%), G12V (n = 37, 7.6%), G12C (n = 9, 1.8%), G12A (n = 8, 1.6%), G12S (n = 7, 1.4%), and G12R (n = 1, 0.2%). Mutations in KRAS codon 13 included G13D (n = 31, 6.4%), G13C (n = 1, 0.2%) and G13G (silent mutation) (n = 1, 0.2%). One patient was identified with concomitant KRAS mutations in codon 12 and codon 33 (G12D and D33N). Compared with patients < 50 years old, KRAS mutations in patients ≥ 50 years old were more common (39.8% vs 22%, P < 0.05). The rate of KRAS mutations was not significantly associated with gender, tumor location, tumor differentiation, stage or mucin production (Table 4) .
BRAF mutations and correlations with clinicopathological features
Twenty (4.4%) mutations were detected in 453 CRCs from 450 patients. Sixteen mutations were V600E and the other four were D594G, D594N, R603stop and S602Y. There were no concomitant KRAS and BRAF V600E mutations, but one patient had concomitant mutations of KRAS G12V (Figure 2A ) and BRAF R603stop ( Figure 2B ), and one with KRAS G13D ( Figure 2C ) and BRAF S602Y ( Figure 2D ). The proportion of mutant BRAF was higher in females (6.6% vs 2.8% in males, P < 0.05), in tumors located in the right colon (9.6% vs 2.1% in the left colon and 1.8% in the rectum, P < 0.05), with poor differentiation (9.5% vs 3.4% with wellmoderate differentiation, P < 0.05) and with mucinous appearance (9.8% vs 2.8% without mucin, P < 0.05). BRAF mutations were not related with patient's age or tumor stage (Table 4) .
MMR protein expression and correlations with clinicopathological features
Overall, 11.4% of tumors showed loss of expression for at least one MMR protein, and the deficient rates of MLH1, MSH2, MSH6 and PMS2 in studied patients were 5.8% (28/481), 2.7% (13/481), 3.8% (18/480) and 6.5% (19/293), respectively. The proportion of dMMR tumors varied by site with a significantly higher rate (20.5%) in tumors located in the right colon compared to those in the left colon (9.2%) and rectum (5.1%, P < 0.001). There were more stages IⅡ dMMR tumors than stages ⅢⅣ dMMR tumors (15.0% vs 7.7%, P < 0.05) and dMMR tumors tended to show mucinous differentiation. In females, a higher frequency of MLH1/PMS2 deficiency was found (9.2% vs 4.4% in males, P < 0.05). Loss of MSH2/MSH6 expression was more frequent in patients < 50 years old than in those ≥ 50 years old (12.0% vs 4.0%, P < 0.05). Although dMMR tumors were more often in tumors with poor differentiation than in those with wellmoderate differentiation, it did not show a significant difference (16.5% vs 10.4%, P > 0.05) ( Table 5) .
Correlations between KRAS and BRAF mutations and dMMR status
Less KRAS mutants were seen in dMMR tumors than in pMMR tumors (18.8% vs 41.7%, P < 0.05). BRAF mutation rate was higher in dMMR tumors than in pMMR tumors, although it did not show a significant difference (9.3% vs 4.2%, P > 0.05). Nevertheless, tumors with defected MLH1/PMS2 tended to harbor BRAF mutations compared with pMMR tumors (15.4% vs 4.2%, P < 0.05). No BRAF mutation was detected in tumors with MSH2/MSH6 deficiency (Table 6 ).
DISCUSSION
As predictive and/or prognostic biomarkers, KRAS and BRAF mutation tests are important for predicting response to EGFRtargeted therapy and prognosis of CRC patients. However, regional and racial differences in mutation rates may be present [1519, 38, 43, 44] . Marked differences between Chinese population and other countries were also observed [2632] , which need to be further confirmed in studies based on large sample size.
In the present study, we found an overall KRAS mutation rate of 37.9% in CRCs, which was close to most of the previous reports either about Chinese or other ethnicities [1518, 20, 2630, 43, 4549] . Studies based on clinical practices or CRC cell line models showed that CRCs with KRAS G13D mutation responded partly to cetuximab and panitumumab [50, 51] . Therefore, the subtype of KRAS mutations may also have clinical implications. In our cases, the major mutant types were G12D, G12V and G13D, accounting for 85% of all mutations. About 6.4% of CRC patients in our group were found to have KRAS G13D mutation, which was also consistent with other reports [15, 16, 52] . One uncommon finding in our cases was concomitant KRAS mutations in codon 12 (G12D) and codon 33 (D33N). The patient was a 59yearold male with a poorly differentiated tumor located in the left colon. To our knowledge, the latter mutation is the first identified mutant in CRCs. Other non-hot mutations were also found in previous reports, however, clinical impact of these mutations is unknown [5355] . CRCs or colorectal cancer cell lines with special KRAS mutations seemed to have different malignant potential and proliferative ability [50, 56] , which may lead to different responses to antiEGFR agents. However, detailed mechanism needs further exploration.
Correlations between KRAS status and clinico pathological features are controversial. Some of the previous reports showed that the frequency of KRAS mutation was in association with age, gender, tumor grade or stage but some did not [15, 16, 19, 26, 28, 30] . Reports from four independent Chinese groups [28, 30, 45, 52] showed that KRAS mutations were associated with patient gender, but not with patient age. In a study including 966 CRCs, Gao et al [57] observed that KRAS mutations were not only associated with patient gender and age, but also with tumor differentiation. Similar inconsistent results were also presented in studies on other ethnicities [46, 55] . In our series of cases, we could only find that tumors in patients older than 50 years tended to harbor mutant KRAS. These diverse findings suggest that the difference in KRAS mutation rates in different groups is too minute to be declared with limited samples. The different criteria for age division might also be a cause [46, 58] . BRAF mutation rates are significantly different in previous studies of nonChinese population [15, 2125] . The lowest mutation rate came from a study on Japanese CRC patients (3%), followed by reports from Russia and Israel (4.1% and 5%, respectively) [24, 43, 44] . On the contrary, reports about European and Americans showed significantly higher rates of BRAF mutation, which were mostly around 15% [19, 20, 23, 59] . In most of the studies about Chinese population [30, 31, 48] , low percentage of CRCs were found to harbor mutant BRAF, ranging from 1.7% to 7%. The only exception is a report from Mao et al [32] , which showed that the frequency of BRAF mutations was as high as 25.4% in a group of Chinese CRC patients. However, their report also showed that 24% of KRAS mutant cases had concomitant BRAF V600E mutation. This phenomenon was inconsistent with the general opinion that concomitant KRAS and BRAF V600E mutations were rare if not mutually exclusive [15, 45, 60, 61] . Considering the relatively limited number of cases included in their study (69 cases) , the result may be not representative. In our study, we also observed a low BRAF mutation rate of 4.4%, which was consistent with most of other reports in Chinese and was similar to that in Japanese [44] . Our finding together with other reports supports the opinion that the frequency of BRAF mutation varies among different races and/or regions [21, 31, 61] . In addition, no patient was found to have concomitant mutations for KRAS and BRAF V600E in our cases. However, of the four cases with nonV600E BRAF mutation, two had concomitant KRAS mutation. Although the significance for these uncommon mutations was uncertain [22] , our findings further confirmed the rarity of concomitant KRAS and BRAF V600E mutations in CRCs. Also in accordance with previous reports [21, 61] , we found BRAF mutation to be more common in females, in proximally located poorly differentiated tumors, or in mucinproducing tumors, although no significant association was found between BRAF mutations and patient age or tumor stage. This may be partially because the number of BRAF mutant cases is limited in our study.
CRCs with deficient MMR exhibit high frequency MSI and have distinctive clinicopathological features, biological behavior and clinical treatments compared to CRCs with pMMR, which in most cases are mi crosatellite stable (MSS) [2] . dMMR CRCs accounted for about 15%20% of all CRCs in reports from Western countries [12, 13, 17, 19, 20, 33, 34, 62] , and are more common in stage Ⅱ tumors (up to 22%) than in stage Ⅲ tumors (up to 14%) [15, 35] . Information about dMMR CRCs in Chinese population is limited. Huang et al [36] and Jin et al [37] using PCRbased MSI testing showed that the frequencies of MSIH CRCs in their cases from Southeast China were 11.9% to 13%, which were slightly lower than most of the reports from Western populations [15, 17, 19, 20, 3335] . Detecting MMR protein loss by IHC showed similar efficiency to more complex gene analysis for MSI or MMR gene mutations [63, 64] . The current study is one of the largest series that analyzed the MMR status by IHC in Chinese CRCs. Again, our data showed a low frequency of dMMR in Chinese CRCs. The overall frequency of dMMR CRCs and the frequencies of dMMR CRCs in early stage (stage ⅠⅡ) and advanced stage (stage ⅢⅣ) CRCs were 11.4%, 15.4% and 7.7%, respectively. Our findings, together with Huang et al [36] 's and Jin et al [37] 's reports, suggest that CRCs in Chinese might have different genetic background from that in Western populations, and were less likely to have MSI.
Of note, the majority of dMMR CRCs are sporadic and caused by inactivation of MLH1 (about 95%). Lynch syndrome, which is caused by germline mutations of MMR genes, accounts for about 20% of the dMMR CRCs, and MLH1 mutation is found in approximately 40% of the cases [65] . Therefore, the vast majority of dMMR CRCs should have MLH1 deficiency. By using IHC, our study was able to inform which MMR proteins were lost in an MSI CRC, and provide more information than previous reports in Chinese CRCs. Surprisingly, our data showed only 50.9% of dMMR CRCs with MLH1 loss, which was much lower than expected. Moreover, BRAF mutations have been reported in 33% to 60% of MSIH tumors particularly in tumors with methylation of the MLH1 promoter [20, 35, 66, 67] . Among our dMMR cases, only 15.4% had BRAF mutations, which was also much lower than previous reports. These findings suggest that the low frequency of dMMR CRCs in our series is likely caused by including less sporadic dMMR CRCs. Our finding further indicated that ethnic and geographic differences might be present in Chinese dMMR CRCs, although further investigations, such as germline mutation analysis of MMR genes and/or analysis of MLH1 promoter methylation, are needed to clarify this possibility. Since Hampel et al [68] 's study has showed that the widely used Amsterdam or Bethesda screening guideline may miss as many as 22% of patients with Lynch syndrome, feasible and economic IHC technique was suggested to perform on all newly diagnosed CRCs to screen Lynch syndrome and gu ide clinical management for MSI patients [69, 70] . In this case, there will be more and more data coming out to provide detailed information of Chinese CRCs.
In summary, our results show a low frequency of BRAF mutations and MMR deficiency, especially less MLH1 deficiency, in a large series of Chinese CRC patients. It suggests that CRCs are less likely to have MSI in Chinese populations, and it is probably caused by the fact that there are less sporadic MMR deficient CRCs in Chinese. However, additional epidemiologic data and genetic investigations are needed to confirm the difference.
COMMENTS
Background
Mutation analyses for KRAS and BRAF as well as microsatellites instability/DNA mismatch repair (MSI/MMR) testing have been suggested to be performed for patients with colorectal carcinomas (CRCs). Information from previous studies raises the possibility that geographic and/or racial differences may be present between Chinese and Western populations. Investigations from large samples for these molecular markers were limited in Chinese CRC patients.
Research frontiers
The current study demonstrated that a low frequency of BRAF mutations and MMR deficiency, especially MLH1 deficiency, in a large series of Chinese CRC patients.
Innovations and breakthroughs
Results in the present study suggest that CRCs are less likely to have MSI in Chinese populations, and it is probably caused by the fact that there are less sporadic MMR deficient CRCs in Chinese.
Applications
These results would help to understand CRC molecular features and guide Lynch syndrome screening, CRC clinical management and individualized therapy in the Chinese population.
Peer-review
The study reports KRAS and BRAF gene mutations and MMR protein expression status in large number of Chinese CRC patients. The results corroborate the earlier findings and show high rates of mutations in the KRAS gene. Associations of these genetic markers with various clinicopathological parameters have also been made. The study also shows less MMR defects in these patients.
